Abstract The distribution or wavelength-dependence of the formation regions of frequently used solar lines, Hα, Hβ, CaiiH and Caii8542, in quiet Sun, faint and bright flares is explored in the unpolarized case. We stress four aspects characterising the property of line formation process: 1) width of line formation core; 2) line formation region; 3) influence of the temperature minimum region; and 4) wavelength ranges within which one can obtain pure chromospheric and photospheric filtergrams. It is shown that the above four aspects depend strongly on the atmospheric physical condition and the lines used. The formation regions of all the wavelength points within a line may be continuously distributed over one depth domain or discretely distributed because of no contribution coming from the temperature minimum region, an important domain in the solar atmosphere that determines the distribution pattern of escape photons. On the other hand, the formation region of one wavelength point may cover only one height range or spread over two domains which are separated again by the temperature minimum region. Different lines may form in different regions in the quiet Sun. However, these line formation regions become closer in solar flaring regions. Finally, though the stratification of line-of-sight velocity can alter the position of the line formation core within the line band and result in the asymmetry of the line formation core about the shifted line center, it can only lead to negligible changes in the line formation region or the line formation core width. All these results can be instructive to solar filtering observations.
INTRODUCTION
The goal of investigating the line formation theory related to contribution function (CF) lies in the interpreting of the observed data. Unfortunately, such an application was misled to the diagnostics of atmospheric physical parameters without a solid basis established for identifying the line formation depth and the 'measurement depth' for a special measurement (Ruiz Cobo et al. 1994; Sanchez Almeida et al. 1990; . However, this does not mean that the theory has nothing to do with the observations. In fact, it tells us the place where the escape photons originate and thus supplies a useful tool to interpret the filtergrams often used in solar physics. In this paper, we emphasize this application and show what conclusions can be drawn from the exploration and try to give an instruction to the solar filtering observations with frequently used 'chromospheric lines'.
In our two previous papers (Qu et al. 1999, Paper I; Qu et al. 2001 , Paper II; and hereafter), we introduced the concept of 'line formation core', defined it as one wavelength interval containing the line center, within which all the escape photons come from such regions that are physically identical, and pointed out that this formation region can most suitably represent the line formation region because of the following features.
1) Within the line formation core, the emergent line photons come from the domain which we call the 'line formation region'. It should be noted that this term does not mean that all the wavelength points within the line are formed in this region, it only means the formation region of all the wavelength points in the "line formation core";
2) The line formation region defined in this way is located in general at the highest atmospheric layers that deviate farthest from the thermodynamic equilibrium (TE), when the magnetic field is absent or has little influence on the line formation process. Only if the line splitting takes place at the line center due to the presence of magnetic field, can the line formation core disappear and does the line-center formation region no longer contains the highest levels (see Paper II);
3) The depth coverage of the line formation region deduced from the above definition is generally more sensitive to the variation of atmospheric thermodynamical condition than the formation regions of the other wavelengths within the line. 4) Neither the width of the line formation core nor its formation region is sensitive to the stratification of the macroscopic line-of-sight velocity, but the formation regions of its neighboring wavelength points are often more influenced by velocity.
In this paper, these features can also be found in the line formation process of four other solar chromospheric lines, than the Mgi 5172.7 line observed in Paper I.
Generally speaking, four aspects outline the property of line formation process for the solar chromospheric lines. They are: 1) the width of the line formation core; 2) the line formation region; 3) the influence of the temperature minimum region; and 4) the wavelength ranges within which one can obtain pure chromospheric and photospheric filtergrams, respectively. In this paper, we will focus on their dependence on different atmospheric conditions and try to give an answer to issues such as whether one can observe all the layers from the line formation region to the farthest wing formation region using the line-center and off-line-center filtergrams of one line. As will be shown, this issue is tightly linked to the contribution from the temperature minimum region to the emergent line photons.
CONTRIBUTION FUNCTION, MODEL ATMOSPHERES AND CALCULA-TION OF LINE PARAMETERS
According to our previous work , the emergent intensity can be expressed as
where the contribution function to the first-order derivative term of the total source function with respect to the optical depth reads
in the above expression k denotes the grid number. The definitions of the other symbols can be found in Paper I. Equation (1) together with Equation (2) suggest that the contribution from each layer to the emergent intensity originates from a weighted source function and its weighted depth variation along the line of sight. The weighting functions consist of two factors. One is the attenuation factor and the other a modifying one due to the thickness of the layer. For example, the weighting function for the zero-order term is e −τ k−1 (1−e −∆τ k−1 ). If the thickness ∆τ k−1 is very small, it tends to e −τ k−1 ∆τ k−1 , and the term containing the factor becomes e
Three surface features of solar atmospheres are selected here. They are the average quiet Sun, a faint flare and a bright flare. The average quiet Sun model atmosphere comes from Model C (with 52 grids) of Vernazza et al. (VAL-C,1981) but with a little modification of 47 more grids interpolated and extrapolated by smoothing curves of each parameter. The two flare models originate from Model F1 (with 37 grids) and Model F2 (with 32 grids) of Machado et al. (1980) , but also with 62 more grids for Model F1 and 67 more grids for Model F2 interpolated and extrapolated in the same manner. Thus 99 grids in total (with grid number 'n = 1' representing the uppermost layer and 'n = 99' the lowest layer of the model atmosphere) are set for each of the three models, and the geometric height ranges are from (-75 km, 2543 km) to (-96.05 km, 2100.03 km) for the average quiet Sun model, and from (100 km, 1459 km) to (-38.12 km, 1461.76 km) for the Model F1 and from (-75 km, 1120 km) to (-69.29 km, 1114.80 km) for Model F2. Figure 1 illustrates the temperature and electron number density stratification of the three models. Comparing with VAL-C (solid line), F1 (dashed line) and F2 (dotted line) have narrower low temperature regions and low density region under the transition region. In contrast to the temperature enhancement at the top layers of the flare model atmospheres, the electron density drops very rapidly at the transition regions after a lift in the uppermost levels of the chromosphere.
We adopt Hα, Hβ, CaiiH and Caii8542 lines which are frequently used in the diagnostics of the chromospheric structures. These lines are often called 'solar chromospheric lines'. However, one should remember that this term needs to be more delicately defined, because not all the wavelength points within these lines are formed in the chromosphere, and their line formation regions depend strongly on the thermodynamical conditions. For example, Hβ, as shown below, formed in quiet Sun is not a pure chromospheric line, because there is a significant contribution from the photosphere to the emergent photons of the line formation core and in the flaring regions, its formation region may contain a part of the transition region.
The calculation code of the line parameters, i.e., damping constant a, Doppler width ∆λ D , line-center and continuum absorption coefficients χ l and χ c , as well as line-center and continuum emission coefficients j l and j c , is that proposed by Ding and Fang (1989) . They considered atomic structures including 12 energy levels plus one continuum state for hydrogen and five levels plus one continuum for once ionized calcium. The relative abundance of Caii is set at 2.14 × 10 −6 at each depth grid. 
FORMATION REGIONS OF Hα, Hβ, CaiiH AND Caii 8542
In the following, the formation properties of Hα, Hβ, CaiiH and Caii 8542 are explored in the quiet Sun, faint flare and bright flare model atmospheres respectively. According to this schedule, the formation properties of different lines in the same model atmosphere are easily compared. However, we will also pay enough attention to the variation of formation regions of each line in the three different atmospheric conditions. We give the detailed information about these four lines in the following Table 1 . The influence of line-of-sight velocity is left to the later part of this section.
Formation Regions in the Quiet Sun
The distributions of formation regions of wavelengths within Hα, Hβ, CaiiH and Caii 8542 can be found in the sample curves in Fig. 2 . One of the most striking phenomena is that few escaping Hα or Hβ photons are produced in the region (480 km, 600 km) containing the temperature minimum levels, while from this region there are a great amount of CaiiH photons with wavelengths near |∆λ| = 280 mÅ escaping into space, and a not negligible amount of Caii 8542 photons with wavelengths ranging from 180 mÅ to 250 mÅ. This indicates the difference between the two lines and means that in the quiet Sun, one cannot observe the temperature minimum region via Hα and Hβ filtergrams, no matter how wide the bandpass is and where its central wavelength is located. However, it can be seen clearly with filtergrams of CaiiH if the bandpass is placed within the band from 180 mÅ to 400 mÅ. When observing Hβ formation in this surface feature, an unusual phenomenon can be noticed that it is not a pure chromospheric line. Even in the line formation core (|∆λ| ≤ 40mÅ), the photospheric layers just below the temperature minimum region contribute some escape photons (see the solid and dashed lines in the Hβ panel of Fig. 2 ). This means that the filtering observation using Hβ line cannot yield pure chromospheric images, though the photospheric ingredient is relatively faint when observing within the line formation core. That also tells us, as an illustration, that it is not suitable to assign a formation depth to a line when the formation region contains two separated domains. This is the reason why we do not generally assign a formation depth to a line. 
Formation Regions in the Faint Flare
In solar flaring region, the concavity of temperature curve tends to be narrower. Approaching the transition zone, the temperature gradient becomes very great. Meanwhile, the electron density variation turns out to be steeper in the middle and lower layers of the chromosphere and it rapidly decreases in the thin transition region (see Fig. 1 ). Corresponding to the atmospheric variation, the lines become emission lines (cf. fig. 26 of VAL and fig. 4 of Machado et al. 1980) . The most striking difference in the line formation regions in the solar flare is that they become very narrow (see all the panels in Fig. 3 ). For example, the line formation region of Hα is markedly compressed from 993 km to 11 km. This signifies that the filtering observation within the line formation core will give an image of very thin layers which can never be acquired in the quiet Sun regions. Comparing with the formation regions of the other wavelength points, the depth coverage of the line formation region is the most sensitive to the variation comparing with other wavelength bands, as we point out in Section 1. The line formation regions of the four lines are closer to each other, a pattern very different from the quiet Sun. 
Formation Regions in the Bright Flare
Few critical changes take place in the bright flaring atmosphere compared with the faint flare case, though much more energy is released in the latter (see Fig. 4 ). The most outstanding variation occurs in the line formation cores of Hα, Hβ, and Caii 8542 lines which are simultaneously broadened due to their increased Doppler widths. Table 1 shows that their formation core widths are broadened almost by a factor of two in the bright flare than in the faint flare case. The line formation regions of these four lines are further compressed into several kilometers, and their locations as well as depth coverage become further closer to each other. This indicates that the filtering observations with bandpass within the line formation cores of these four lines will give almost the same features of the thin layers of transition region. In the line-center filtering observation, the flare looks like a thin cloud over the background of other surface features. Not only are the line formation regions compressed, but also the formation regions of some other wavelength points. For instance, see |∆λ| = 660 mÅ curve of Hα, |∆λ| = 280 mÅ curve of Hβ, |∆λ| = 140 mÅ curve of CaiiH, and |∆λ| = 130 mÅ curve of Caii 8542, and compare with their counterparts in Figure 3 . 
Summary
We discuss in detail the formation properties of the four lines and summarize the above results in Table 1 where the 7 columns list the spectral line, model atmosphere, line formation core width in unit of mÅ, line formation region in unit of 'km', wavelength ranges in unit of mÅ used to obtain the different filtergrams of the temperature minimum region (labelled by Range 1), images of the pure chromosphere (labelled by Range 2) and pictures of the pure photosphere (labelled by Range 3) respectively. In Table 1 , 'QS, F1, F2' denote the quiet Sun, faint flare and bright flare, respectively, and 'none' indicates that there is no wavelength points satisfying the observational requirement within the line band adopted. The latter five parameters reflect the most important line formation properties in the sample model atmospheres. It should be pointed out that the values in Table 1 are only deduced from the accepted model atmosphere. They are merely reference values and furthermore only refer to the static atmosphere.
In the above situations, we do not consider the stratification of the macroscopic line-of-sight velocities. In actual situations, it always exists. Therefore one should take it into account. As evidenced in Paper I, though the stratification could change the position of the line formation core of Mgi 5172.7 and cause the asymmetry of the line core about the shifted line center in the model atmosphere of sunspot umbra, it has little influence on the core width or the line formation region. On the other hand, it does cause changes of the formation regions of some other wavelength points. For instance, at ∆λ = −150 mÅ, the concavity covering the temperature minimum between the two major formation regions in fig. 3 (a) of Paper I disappeared in fig. 4 of the same paper.
To investigate the influence on the distribution pattern of formation region of these four lines, we also set some line-of-sight velocity (v los ) stratification. In all the cases, the velocity distribution does not alter either the width of the line formation core or its formation region, though its wavelength range is generally shifted with the drift of the line center. The wavelength coverage asymmetry of the line formation core about the shifted line center generally occurs.
Furthermore, the distribution patterns of the formation regions of all the wavelength points within four lines in the three model atmospheres are little affected.
DISCUSSION
We have explored the distribution or wavelength-dependence of the formation regions of wavelength points within the frequently used solar chromospheric lines, Hα, Hβ, CaiiH and Caii 8542 in the cases of the quiet Sun, faint and bright flares. We find that the term solar chromospheric line should be carefully treated. For even the line formation core, like Hβ in the quiet Sun, the photospheric layers contribute no negligible escape photons, and in the bright flaring regions it can form in the transition region. Though only four lines are studied in this paper, the situation can be applied to other lines. For example, the distribution of formation regions of wavelength points of CaiiH is also suitable for that of CaiiK line, because they have close atomic parameters. The distribution of Caii 8542 can be applied to that of both Caii 8498 and Caii 8662 lines.
It is found that the line formation core is a useful concept in the investigating of line formation property. It is an entity to divide the line band when considering the line formation process. Its wavelength width and formation region are little affected by the stratification of the line-of-sight velocity, and only when the magneto-induced line splitting occurs at the line center does it lose its presence (see Paper II). Furthermore, we have reached the point that if one wants to grasp the property of line formation, the four aspects investigated above should be considered.
We have seen that the formation regions of different lines respond to the variation in atmospheric conditions with different sensitivity. First, the broadening or compressing of the line formation core and line formation region display different sensitivity to the variation when the line formation regions consistently tend to be shallower and narrower in flaring processes. The depth coverage of the line formation region is generally most sensitive to atmospheric physical change. But this does not mean that the formation regions of the other wavelength points within the line do not respond to the variation. Rather! For example, the situation has been met that some wavelength point forms in the photosphere in the quiet Sun but its formation region is located in the chromosphere in the flare case, like |∆λ| = 660 mÅ of Hα, |∆λ| = 440 mÅ of Hβ. Some wavelength point forms in both photosphere and chromosphere in the quiet Sun, like |∆λ| = 420mÅ of Hα, but its formation region covers only the chromospheric layers in case of bright flare. More examples can be found, such as the variation in formation region of |∆λ| = 280 mÅ of Hβ from the quiet Sun to the faint flare. Some wavelength points form in the temperature minimum region in the quiet Sun, but its main contribution comes only from the chromosphere in the flares, like |∆λ| = 280 mÅ of CaiiH. Furthermore, even within one line under the same atmospheric variation, the formation region of one wavelength point may be extended while another one may be compressed. On the whole, though the temperature stratification is not the unique ingredient to determine the distribution, it is the most important factor affecting the line formation property. Especially, the temperature minimum region plays a crucial role in these chromospheric line formation processes. According to whether the temperature minimum contributes significantly to the escape line photons, the distributions of formation regions of the wavelength points within the chromospheric lines can be classified into two kinds. One contains a significant contribution from the temperature minimum region and the other does not.
From the account above, the distributions of the formation regions of the two hydrogen lines belong to the first kind and those of the two ionized calcium lines to the second one. However, the v los stratification may change one kind to another, as evidenced in Mgi 5172.7 studied in Paper I.
